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(54) High dynamic range charge readout system 

(57) A solid-state image sensor has a readout archi- 
tecture that incorporates charge multiplier cells into a 
horizontal register of a CCD image sensor, and Includes 
a first CCD register adjacent to at least a second CCD 
register and coupled to the said first register through a 
charge overflow barrier. A high Dynamic Range readout 
system results in which the DR is not restricted by the 
voltage swing limitations on the charge detection node. 



As the charge is multiplied, the horizontal register struc- 
ture increases in width and more charge multiplication 
gates are added per stage. A charge overflow region 
follows the charge multiplier. In this region the anrx>unt 
of charge that exceeds a certain predetermined thresh- 
old is split off into another register. A detection node that 
has different conversion sensitivity may terminate this 
register. The process of charge overflow and splitting off 
may continue for more than two steps. 
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Description 

Field of the Invention 

[0001] The invention relates to solid-state image sen- 
sors, and more particularly to image sensors that have 
a readout architecture that incorporates charge multipli- 
ers that have high DR with large charge handling capa- 
bilities, and that extends the charge Dynarnic Range 
(DR) of the sensor thus increasing the demand on the 
DR of charge readout systems. 

Description of Related Art 

[0002] A typical image sensor senses light by convert- 
ing impinging photons into electrons that are integrated 
(collected) in sensor pixels. After the integration cycle 
is completed, the charge is converted into a voltage that 
Is supplied to the output terminals of the device. Charge 
to voltage conversion is accomplished either directly in 
the sensor pixels, such as in the Active Pixel CMOS im- 
age sensors, or remotely off the sensing area, in charge 
conversion amplifiers. In the remote conversion ap- 
proach, the charge must be transported to the sensing 
amplifier by a well know charge transferring process us- 
ing various vertical and horizontal Charge Coupled De- 
vice (CCD) registers. 

[0003] U.S. patent 5.337,340, teaches the basic con- 
cept of charge earner multiplication that can be used in 
a typical CCD register The multiplication is based on a 
single carrier impact Ionization that Is induced by appli- 
cation of suitable clocking voltages to the various device 
gates. The suitable clocking voltages generate high 
fields in the structure and when a canier is injected Into 
these high field regions, it gains energy and may cause 
impact ionization. This process thus increases the orig- 
inal number of earners that a nive at the charge detection 
amplifier. This is a desirable effect since the carrier mul- 
tiplication that is based on single carrier impact ioniza- 
tion is almost noiseless. It is much easier to detect many 
electrons per single receiyed photon than a single elec- 
tron by the cun-ent state of the art charge detection anrv 
plifiers. The noise floor of the present day charge con- 
version amplifiers is approximately 10 electrons, and 
cannot be easily reduced. 

[0004] Charge multiplication, however, presents a 
problem for the design of the CCD registers. As the 
number of transported earners gradually increases, 
larger and larger wells need to be used. This may not 
be easily accomplished in the registers that are restrict- 
ed in both dimensions by the sensor pixel size. Exanrv 
ples are the vertical registers in Frame Transfer (FT) 
sensors. Time Delay Integrate (TDI) sensors, or Interline 
Transfer (IT) sensors. It Is thus desirable to incorporate 
mostcofctheiChargejmultiplication function in the horizon- 
tal CCD registers where the width is restricted only in 
one dimension. 

[0005]- A second problem resulting from charge mul- 



tiplication is related to the DR of charge conversion 
structures at the input of the charge detection amplifier. 
Typically, the charge is transfen-ed on a suitable charge 
detection node where the capacitance converts the ar- 

5 rived charge into an increment of voltage. It is desirable 
to have high sensKivity and low noise for charge con- 
version. This dictates a very small value for the node 
capacitance. However, when the charge is multiplied, 
the voltage increment may be so large that the detection 

10 node cannot handle it. The available maximum voltage 
swing thus unduly limits the DR of the sensor. 
[0006] The third problem addressed in this invention 
relates to charge multiplier orientation on the semicon- 
ductor substrate. As theoretically described in the book 

15 "Semiconductor Transport*' by David K. Ferry, published 
by Taylor and Francis in 2000. p 249, the multiplication 
threshold may depend on the crystallographic orienta- 
tion. The voltage amplitude of the multiplication pulses 
that are applied to the multiplication gates may therefore 

20 depend on whether the CCD register is oriented in the ( 
<100>, <110>. or <111> direction. Actually it is the in- 
jection of electrons and their direction of movement in 
the high electrical field that is important, not the register 
orientation itself. However, in most CCD registers, the 

25 high field and the injection of electrons progresses along 
the length of the register. Since charge multiplication . 
noise may also depend on the crystallographic orienta- 
tion, it may be.preferable to minimize noise rather than 
the charge multiplication pulse amplitude. This Inven- 

30 tion, therefore, defines the concept that certain register 
orientations and material crystallographic planes are 
preferable for noise and pulse amplitude minimization. . 
and that these orientations may not be identical. 
[0007] It Is the purpose of this invention to define • 

35 structures that overcome these limitations and achieve 
high dynamic range readout capability with low noise. 
The prior art does not show in detail how to incorporate 
the charge multiplication structure into a serial register 
of a typical image sensor and how to accommodate the ( 

40 gradually increasing number of carriers. The prior art al- 
so does not leach how to design a charge readout sys- 
tem that has high DR and that is not restricted by the 
maximum allowable voltage swing on the charge detec- 
tion node. Finally the prior a rt does not teach that charge 

<5 multiplication pulse voltage and charge multiplication 
noise may depend on crystallographic orientation and 
that certain CCD register or register pixel orientations 
are preferable for the best noise or pulse amplitude per- 
formances. 

50 

Summary of the Invention 

[0008] The present invention defines structure in 
CCDs that overcome limitations in the prior art. The in- 
55 vention provides a practical high DR readout system in 
whiclTJthe BRisTJOt^Festrnctedrby the voltageaswiraginnni^ 
itations on the charge detection node. It defines a 'prac- 
tical high performance image sensors of various archl- 
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tectures that have high DR. These structural advances 
are achieved by incorporating Charge Multiplier cells in- 
to a horizontal register of a CCD image sensor. As the 
charge is multiplied, the horizontal register is corre- 
spondingly increased in width and more charge multipli- ^ 
cation gates are added per stage. A charge overflow re- 
gion then follows the charge multiplier. In this region the 
amount of charge that exceeds a certain predetermined 
threshold is split off into another register. A detection 
node that has different conversion sensitivity may ter- io 
minate this register. The process of charge overflow and 
splitting off can continue for more that two steps. As a 
result, the dynamic range of the sensor can be almost 
arbitrarily compressed with a predetermined charge to 
voltage transfer characteristic directly in the charge do- f 5 
main. Charge domain DR compression allows full utili- 
zation of the high DR obtained by the charge multiplier 
without imposing stringent demands on the DR of 
charge detection nodes and amplifiers. Finally, the ori- 
entation of charge multiplying registers themselves with 20 
respect to certain crystallographic directions of the sem- 
iconductor substrate are optimized for minimum pulse 
amplitude and minimum noise. 

Brief Description of Drawings 25 
[0009] 

FIG. 1 is a plan view of the typical area image sen- 
sor showing the location of charge multiplier and 30 
charge overflow region In the horizontal CCD reg- 
ister; 

FIG. 2a shows the detail of the charge multiplier with 
a gradually increasing channel width and increasing 35 
nunriber of multiplier gates per CCD stage; 

FIG. 2b shows the detail of the charge multiplier with 
a gradually increasing channel width and with an 
overflow barrier and drain to prevent blooming; ^0 

FIG. 3 shows the detail of the charge overflow re- 
gion illustrating charge separation into a high sen- 
sitivity and a low sensitivity CCD channels; 

45 

FIG. 4 is a schematic diagram of the detection node 
amplifiers, summing networlc. and an output buffer 
stage; 

FIG. 5 is a graph showing the dependence of the so 
output voltage on the input charge with the point 
Qcob where the sensitivity changes form high to low; 
and 

FIG, 6 shows two possible orientations of CCD reg- ss 
isters with respect to.principal crystallographic di- 
rections of the substrate wafer. 



Detail Description of Preferred Embodiment 

[0010] In FIG. 1. a plan view of a typical CCD area 
image sensor architecture is shown. The semiconductor 
substrate is indicated as the region 1 01 where the active 
areas of the sensor are enumerated. The region 102 Is 
the active image sensing area that is divided into indi- 
vidual pixels by channel stops and transfer gates. Both 
the channel stops and the gates are not shown to sim- 
plify the drawing. 

[0011] There are nnany types of image sensor archi- 
tectures ranging from Frame Transfer to Interiine Trans- 
fer with single horizontal register or multiple registers 
that can be used here. However, these options will not 
be discussed here any further to simplify the deiscription. 
It is clear to those skilled in the art that the present in- 
vention can apply to all of them. 
[0012] The region 103 in FIG. 1 represents one verti- 
cal column of pixels that interfaces with the horizontal 
register 104. When the image area gates are clocked, 
the charge from one row of pixels is transferred into the 
horizontal register 1 04. Subsequently, by applying clock 
pulses to the gates of horizontal register 1 04. the charge 
is transported in the horizontal direction through the 
charge-multiplying region 105 where it becomes multi- 
plied. After the charge exits from the multiplying regk>n 
105 It enters the charge overflow region 106. In this re- 
gion the charge of each pixel is separated into at least 
two different channels, 106a and 106b. depending on 
its quantity. If the amount of charge is small, it remains 
confrned in the high sensitivity channel 106a and is 
transported into the high sensitivity output charge de- 
tection node 107. However, when the quantity of charge 
exceeds a certain limit (charge handling capacity of the 
high sensitivity channel) the excess over this limit spills 
into the low sensitivity channel 1 06b. The excess charge 
is then transported in the low sensitivity channel 106b 
into the low sensitivity charge detection node 108. High 
sensitivity node amplifier 109 and the low sensitivity 
node amplifier 110 then buffer the voltage of the corre- 
sponding charge detection nodes and deliver it to the 
signal summing network 1 1 1 . The resulting signal is then 
buffered by the output buffer amplifier 112 and supplied 
to the device output temninal 113. 
[0013] The serial register 104. shown in FIG. 1. has 
also incorporated into it a clearing gate 114 and a clears 
ing drain 115. Gate 114 and drain 115 may be used for 
removing charge from the register laterally by a single 
pulse applied to the clearing gate 114. This feature is 
standard In many image sensors produced today and it 
is not essential to the function of the described invention. 
It will, therefore, not be described here any further. 
[0014] The separation of charge into the high sensi- 
tivity 106a and low sensitivity 106b channels, directly in 
the charge domain, is the key feature of the high Dy- 
namic"'Hai;ige2charge>sensing«system. Chacga^conver- 
sion gain of the high sensitivity channel 106a':Gan?.be' 
maintained high without worries about the charge de- 
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tection node and amplrfier saturation. When the spillover 
threshold is reached no more charge wiit be delivered 
to the high sensitivity output 1 07 and the output will re- 
main at a constant level. The signal continues to be read 
out from the low sensitivity output 108 with no danger of 5 
saturation. More than two channels are possible with 
various sensitivities that can be pre-programmed during 
the sensor design. This allows the construct of an art?i- 
trary piecewise linear transfer characteristic between in- 
put charge and the output signal that accomplishes an fo 
efficient charge domain Dynamic Range Compression. 
It is also clear to those skilled in the art that the signal- 
summing network 111 is not necessary. It is possible to 
output the signal directly from the individual amplifiers 
109 and 110 and after suitable analog processing and 
digitization to perform the necessary signal processing 
in the digital domain. 

[0015] The detail of charge Multiplier 105 that is incor- 
porated in the CCD horizontal register is given in FIG. 
2a! The charge is transported in the channel 202. Chan* 20 
nel 202 is formed by ion implantation of suitable impu- 
rities into the substrate. The channel is further laterally 
defined by channel stops 201 that are also formed by 
implanting impurities into the substrate but of opposite 
type than the channel. Applying clocking pulses to the 2S 
gates 203 and 204 transports the charge. The clocking 
signals are applied to the gates 203 and 204 through 
interconnections that are shown schematically and are 
sourced from the terminals 209, 210, and 211 . The gates 
are fomned, for example, from doped polysilicon and are 30 
deposited over the substrate and over the CCD channel 
as shown. A thin gate oxide separates the gates 
203,204 from the substrate 105. The gates 203,204 are 
also separated from each other by narrow gaps 220. 
The regions 206 form the Virtual Phase regions that also 3^ 
store the charge. The Virtual Phase regions 206 are 
formed by implanting the regions 206 with a shallow 
doping profile over the channel with the same type of 
impurities as the channel stops. Charge multiplication is 
accomplished by applying a relatively large clock pulse 40 
to the approximately circular gates 205. As the quantity 
of charge increases, it is necessary to widen the charge 
. transport channel 202. This Is accomplished by shaping 
the channel stops 201 as is indicated in FIG. 2a. As the 
charge quantity increases from stage to stage it is also ^5 
necessary to Increase the charge holding capacity of the 
Charge Multiplication (CM) gates 205. This can be eas- 
ily accomplished by either enlarging the gates 205 thenv 
selves. or by adding more gates 207 as indicated. The 
process of widening the channel and adding more CM 5o 
gates can continue as needed down the CCD register. 
The register width increase, however, does not need to 
be linear, It may be exponential, dependent upon the 
number of stages. 

[00.16] tt is also advantageous to incorporate a bloom- ss 
ing^pnotection intoMhef chaEgerRnulti^ller. Thisvis/show^ 
in FIG. 2b where another channel 214 was created next 
to the channel 202 and defined by another channel stop 
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region 215. A charge drain 212 is placed into this chan- 
nel to collect overflow charge from the register. Replac- 
ing the channel stop doping in the region 21 3, by suita- 
ble implants that define the threshold for charge over- 
flow, creates the overflow barrier in the region 213. 
When the charge in the channel exceeds the overflow 
level, it is collected by the drain 212 and prevented from 
spreading down the channel and contaminating neigh- 
boring pixels. This prevents blooming. 
[0017] After the charge has been multiplied, it enters 
charge overflow region 106 whose detail is shown in 
FIG. 3. Charge channel 302 is again formed by a suita- 
ble ion implantation and is defined laterally by channel 
stops 301 . Another feature 309, called Charge Overflow 
Barrier (COB), has been constructed in the Virtual 
Phase region 306. The COB regbns are contiguous un* 
der the gates 303 and 304 with the channel stops 301 
to define the high sensitivity channel 307. By splitting off 
the high sensitivity channel 307 from the original chan- 
nel 302. a new CCD channel 308 is fornned. Since this ( 
channel transports only overflow charge and is termi- 
nated by the low sensitivity detection node, it is called 
the low sensitivity channel. Applying suitable pulses to 
the gates 303,304 from the terminals 310 and 311 trans- 
ports the charge through the entire charge overflow re- 
gton. 

[0018] After the charge signal has been supplied to 
the detection nodes 307 and 308 it is converted into volt- 
age increments. There are many different charge detec- 
tion nodes known in the industry that can be used. here. 
It is immaterial to the function of the described invention, 
which one is used. In most cases, a suitable buffer am- 
plifier buffers the voltage from the corresponding detec- 
tion node. This can for example be a source follower 
circuit 109 and 110 as shown in FIG. 4. An MOS tran- 
sistor 401 forms the source follower with the current 
source load 402. The transistor drain is connected to a 
common drain bias terminal 410. The output from the 
source follower 109 is connected through the resistor ^ 

406 to the gate of the output buffer 112 formed by the 
transistor 408 and the Ioad409. Finally the signal is sup- 
plied to the device output terminal 113. Similarly as the 
high sensitivity detection node, the source follower 110. 
formed by the transistor 403 with the load 405, buffers 
the low. sensitivity detection node. The low sensitivity 
channel signal is supplied through the resistor 407 to 
the gate of the output buffer 112. The resistors 406 and 

407 form a signal summing network that can add togeth- 
er the signals from the conesponding channels in vari- 
ous proportions 

[0019] By summing the channel signals, as described 
above, a piecewise linear charge transfer characteristic 
is obtained. This is indicated in the graph in FIG. 5. For 
amounts of charge below the limit Q^|^ only the high 
sensitivity channel is active and provides output with a 
h ighe ncoave iisiomiga ii;)2(steeper(.s lope ) . Aftec-lheJlmtt.L, 
the high sensitivity channel supplies only a constarati^eit^ 
put and the system conversion gain becomes lower A 
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lower conversion gain accommodates a much higher 
charge Q^^^ for a given maximum allowable output volt- 
age Vn^ax- T^'e charge DR has been compressed without 
sacrifice in sensitivity and noise of low light level signals. 
The separation of the charge into high and low sensitiv- 
ity channels in the charge domain is one of the key fea- 
tures of this Invention that achieves the high DR without 
saturation of the charge detection nodes and output anv 
plifiers. 

10020] Finally, to optimize charge multiplier perfornD- 
ance itself either by minimizing charge multiplication 
pulse amplitudes or by minimizing multiplication noise, 
several possible orientations of CCD registers with re- 
spect to the principal wafer crystallographic directions 
are shown in the drawing In Fig. 6. The circle 601 with 
a cut flat portion 610 represents a semiconductor sub- 
strate. The substrate is typically fabricated in a (100) 
plane and the direction of the flat is in the <110> direc- 
tion. There are two ptossible distinct orientations for the 
CCD registers containing multipliers. Orientation 603 
with the register along the <110> direction and orienta- 
tion 607 with the register at 45 degrees with respect to 
the flat. The charge inputs 602 and 606 are provided by 
the CCD arrays and t^iey can be at any orientation. Sinv 
ilarly charge-overflow regions 604 and 608 as well as 
the outputs 605 and 609 can be at any orientation. In 
case that the substrate is fabricated in the (111) plane 
the orientation of registers has no effect on noise or on 
pulse amplitudes. Other combinations of wafer planes 
and register directions are possible and easily deduced 
by those sidlled in the art. 

[0021] Having described preferred embodiments of a 
novel semiconductor image sensor with high OR read- 
out and low noise, which are intended to be illustrative 
and not limiting, it Is noted that modifications and varia- 
tions may be made by persons skilled in the art in light 
of the above teachings. It is therefore to be understood 
that changes may be made in the particular embodi- 
ments of the invention disclosed which are within the 
scope and spirit of the invention as defined by the ap- 
pended claims. 



Claims 

1. A solid-state image sensor having a readout ar- 
chitecture that.incorporates charge multipliers, said • 
Image sensor including: 

a first CCD register adjacent to at least a sec- 
ond CCD register and coupled to the said first reg^ 
ister through a charge overflow barrier. 

2. The image sensor according to claim 1 wherein 
the second adjacent CCD register collects overflow 
chaige!iaRid:transportsr.it to atJeast .one detection 
node located in each register, and 

each charge conversion node having charge 
conversion sensitivity that may be different for each 



node. 

3. The image sensor according to claim 2. wherein 
signals from adjacent register detection nodes are 

5 processed and combined according to a predeter- 
nnned mathematical formula. 

4. A solid-state image sensor having a readout ar- 
chitecture that incorporates charge multipliers, said 

10 image sensor including: 

a CCD register that Incorporates at least one 
charge-multiplication device element in at least one 
stage and said at least one stage has a progres- 
sively wider width. 

15 

5. The image sensor according to claim 4, wherein 
the width of the CCD register-stages and the 
number of charge-multiplication elements in at least 
some of its stages varies according to a predeter- 

20 mined formula. 

6. The image sensor according to claim 5, wherein 
the predetermined formula has an exponential de- 
pendency on the number of CCD stages that in- 

25 dude charge multiplication devices. 

7. The image sensor according to claim 4. wherein 
the CCD register includes a clearing gate and a 
clearing drain to remove unwanted charge. 

30 

, 8. The image sensor according to claim 4, wherein 
the CCD register has a charge overflow barrier and 
a charge overflow drain incorporated in at least one 
of its stages to prevent charge blooming. 

35 

9. A solid-state image sensor having a readout ar- 
chitecture, said readout architecture incorporating: 

charge multipliers; 
40 CCD registers; and 

a charge overftow device in at least one of its 
registers. 

10. The image sensor according to claim 4, wherein 
45* the sensor is oriented in a one crystallographic dh 

rection on the semiconductor substrate, and where- 
in the charge flows in said one direction through a 
high electrical field to minimize charge multiplica- 
tion noise. 

50 

12. The image sensor according to claim4. wherein 
the sensor is oriented in a one crystallographic di- 
rection on the semiconductor substrate wherein 
charge flows in that one direction through a high 
55 electrical field to minimize charge multiplication 
pulsesaRcipliterde. 
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